to retain site symmetry and average valence of the bulk material regardless of film thickness.
Introduction
Spinel structure oxides offer a wealth of electronic and magnetic ground states across a broad range of temperatures. Spinel oxides with 3d transition metals on the octahedral sites exhibit ferromagnetism, antiferromagnetism, charge ordering, and other types of magnetic and electronic ordering depending on the average valence of the cations. However, there is only one known oxide spinel superconductor to date, LiTi 2 O 4 (LTO), with a superconducting phase that persists up to 13 K. Johnston et al. found superconductivity in LTO as the end member of a solid solution of spinel-structure Li 1+x Ti 2−x O 4 (0≤x≤0.33). [1, 2] In the Li spinels half-integral charge exists on each of the octahedral ions due to the monovalent nature of tetrahedrally coordinated Li ions. Unlike the layered structure of superconducting cuprates, LTO has 3D connectivity of edge-sharing TiO 6 octahedra with average octahedral site valence of d 0. 5 (equal amounts of Ti 3+ and Ti 4+ ). Oxygen deficient SrTiO 3−δ and LTO both superconduct and both have mixed-valent Ti in octahedral coordination; [3] however, the Ti 3+ /Ti 4+ ratio is 1.0 in LTO while significantly more Ti 4+ exists in SrTiO 3−δ .
In bulk studies of primarily polycrystalline samples, there have been widely varying normal state and superconducting properties influenced by vacancies, [4] Li content, and Ti network disorder. [5, 6] Studies probing the effects of lattice strain on the superconductivity in bulk LTO have shown the application of hydrostatic pressure to enhance T c and has been observed in both Li deficient as well as stoichiometric LTO samples. [7, 8] Epitaxial thin films of LTO are model systems for the systematic study of the role of lattice strain and microstructural disorder on superconducting properties. Epitaxial lattice strain gives rise to changes in the bandwidth that affect electron-electron correlations in many epitaxial thin film systems. [9] [10] [11] In addition, systematic variation in microstructural disorder may be obtained through the choice of substrate, giving rise to changes in film growth mode or nucleation of dislocations and other defects. [12] Such variation in microstructure can shed light on the various scattering processes that may affect its superconducting properties. Finally, the choice of substrate orientation may provide insight into either intrinsic or strain-induced anisotropic film properties. [13, 14] However, to date epitaxial thin film growth has not been reported, although Inukai et al have synthesized polycrystalline thin films. [15, 16] In this paper, we report on the successful synthesis and superconducting and normal state characterization of epitaxial LTO thin films on single crystalline 
Experimental Methods
We have chosen to study epitaxial LTO films on MAO, MgO, and STO substrates. A previous report indicated that diffusion of Mg into LTO could suppress the superconducting phase, [21] and in this case the source of Mg would be interdiffusion from the underlying substrate at the film-substrate interface.
STO substrates were used to confirm the trends found in studies on MAO substrates as independent of the presence of Mg. LTO films on MAO and STO show minimal interdiffusion at the film-substrate interface while there is significant Mg diffusion on MgO substrates. Furthermore, each of these substrates placed the film under differing amounts of lattice strain through epitaxy.
Nominally stoichiometric LTO material prepared by solid-state reaction yields a lattice parameter of 0.8405 nm by powder X-ray diffraction analysis. [22] Films on MgO (lattice constant a = 0.4211 nm, film-substrate mismatch f = +0.21 %) are under slight tension, while films on MAO (a = 0.8083 nm, f = ing Siemens D5000 diffractometers assessed film crystallinity and orientation.
Cross sectional high-resolution transmission electron microscopy (HRTEM) was performed on a Philips CM300 in order to examine the structure of the film-substrate interface.
Soft XA spectroscopy on the Ti L RBS analysis confirmed the interdiffusion of Mg into the LTO films deposited Comparison of the STO Ti 4+ -only spectrum in Figure 3 (a) to LTO spectra displayed in Fig. 3(c) -(e) shows that LTO spectra have an increase in spectral weight at a 454 eV pre-peak features at the expense of L 3a intensity. Moreover, suggests that the surface of films on STO have slightly more Ti 4+ character than similar films on MgO or MAO. Samples on STO capped with 3 nm
AuPd deposited in-situ at 400
• C showed similar spectra to uncapped samples, suggesting that the more Ti 4+ -like spectrum is intrinsic to the surface and interface of as-deposited LTO films on STO.
The O K edge features may be divided into two regions: two low-energy peaks at 530 eV and 532.5 eV that show strong hybridization between O 2p and Ti 3d
states, and a broader region between 536-548 eV exhibiting mixing of Ti 4sp XA spectra at the Mg K edge of 100 nm thick as-deposited films on MgO substrates (peak to background of 1.25:1) confirms interface Mg diffusing from the substrate into the film during growth. Similarity of the aforementioned spectra to normal spinel MAO Mg K edge spectra [35] confirms that the interdiffused Mg substitutes primarily into tetrahedrally coordinated sites. However, a comparable as-deposited 100 nm thick LTO film on MAO shows little Mg at the surface, with a peak to background of approximately 1.01:1 for the Mg K edge.
Magnetism
The magnetic response of LTO films was measured on all substrates and found to be comparable to LTO bulk single crystals, polycrystalline pellets, and powder samples. Zero-field cooled samples at 1.8 K show diamagnetic shielding with low applied fields. A linear extrapolation at low applied fields for the data presented in Figure 5 (a) yielded a typical lower critical field H c1 of 46±3 Oe at which point the diamagnetic response deviated from linearity by 1 %. We secondary peak is observed in the AC response to within the resolution of the measurement as shown in Figure 5 . We conclude that the presence of low-angle grain boundaries as determined by TEM does not seem to adversely affect the LTO film response and that the superconducting material is strongly coupled across such low angle grain boundaries. In spite of the presence of both lowangle grain boundaries and antiphase boundaries in the LTO samples on STO, the measured in and out-of-phase AC response matches the DC temperaturedependent magnetization.
Transport
In order to probe the effects of lattice strain and microstructural disorder on the superconducting transition, we performed resistivity measurements on our LTO films. In particular, we discuss the normal state resistivity values, resistive transition temperatures and widths, the upper critical field, and the Ginzburg-Landau coherence length-mean free path product as a function of substrate.
The normal-state resistivities versus temperature for nominally stoichiometric films on MAO (e.g. Figure 6 ) and STO deposited at 600
• C are comparable to that of polycrystalline thin films [15] and polycrystalline bulk samples [38] despite the presence of large compressive epitaxial strains. The film on (001)
MAO described in Figure 6 as well as a film of comparable thickness on (001)
STO both have a resistivity of 1.2x10 −3 Ω·cm at 12K. The similarity in magnitude of normal-state resistivity suggests that the presence of antiphase boundaries, and hence Ti network disorder, in films on STO does not have a signifi- These results suggest that the higher residual resistivity is associated with the grain boundaries. 
